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Method for programming multi-level non-volatile memories by controlling the gate voltage 



(57) When programming, for each programming 
pulse, a threshold voltage whose value is increased with 
respect to the previous programming pulse is applied to 
the gate terminal of each cell to be programmed. After 
an initial step, the increase of threshold voltage of the 
cell being programmed becomes equal to the applied 
gate voltage increase (AV GP ). In order to reduce the glo- 
bal programming time, keeping a small variability inter- 
val of threshold voltages associated with each level, to 
pass from a threshold level to a following one. each cell 
to be programmed is supplied with a plurality of consec- 
utive putses without verify (107-109), until it immediately 
goes below the voltage level to be programmed, and 
then a verify step (110) is performed, followed by sub- 
sequent programming and verify steps (112. 110, 117, 
1 1 8) until the cell to be programmed reaches the desired 
threshold value. 
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Description 

[0001 ] The present invention relates a method for pro- 
gramming multi-level non-volatile memories by control- 
ling the gate voltage. The invention specifically refers to 
non-volatile memories formed of floating gate cells 
(EPROM, EEPROM, flash) in which the cells program- 
ming is performed by modifying the threshold voltage of 
the cells, that is modifying the amount of the charge 
stored in the floating gate region. The present method 
however can be applied also to memory cells of a dif- 
ferent type (for example MNOS, i.e. Metal-Nitride-Ox- 
ide-Semiconductor technology cells). 
[0002] For a better understanding, Figure 1 shows the 
electric diagram of a typical floating gate memory cell 
having a drain terminal D, a source terminal S, a control 
gate terminal (herein below also defined gate terminal) 
CG and a body terminal B. Figure 1 further shows the 
floating gate region FG. Figure 2 shows the symbol of 
a different memory cell, the so called "split -gate". 
[0003] Currently, to increase the data storage density 
and therefore reduce the physical memories array sizes, 
muiti-level programming techniques are being studied, 
wherein the threshold voltage for each memory cell can 
be programmed to one among m predetermined levels. 
If m=2 n , a memory cells is able to store a number of 
information bits equal to n=log 2 m, with clear advantages 
in terms of density with respect to conventional two level 
memories, allowing programming of two levels only 
("high" level and "low" level), and therefore storing a sin- 
gle bit per cell (m=2 and therefor n=1 ). 
[0004] The programmable threshold levels must be 
placed to a certain mutual distance, in order to be able 
to be recognized without errors when read. Moreover, 
the threshold voltage cannot be programmed exactly at 
the desired value: every level corresponds in practice to 
certain threshold voltage interval, as shown by the com- 
parison between Figure 2a and Figure 2b related to four- 
level programmable cells. Figure 2a shows the ideal 
case in which it is supposed to obtain a precise program- 
ming of each of four threshold voltage levels, while Fig- 
ure 2b shows a more realistic case, in which every logic 
value corresponds to a certain threshold voltage inter- 
val. Figure 2a also shows the correspondence as- 
signed, as an exemplificative but non limiting example, 
between the different threshold voltage values and pro- 
grammed levels (respectively 0, 1, 2 and 3). 
[0005] The threshold voltage interval corresponding 
to each programmable level must be sufficiently re- 
duced so that the intervals corresponding to adjacent 
levels can be placed at such a mutual distance as to 
guarantee safe maintaining and recognizing of data 
stored into the cells, without having to use a global in- 
terval excessively wide to allocate all desired logic lev- 
els. In fact, there are both a lower limit and an upper limit 
for this global interval, dictated by practical reasons and 
reliability reasons. In order to compute the optimum dis- 
tance between threshold voltage intervals correspond- 



ing to different stored levels, effects such as reading and 
programming circuits inaccuracy and environmental 
conditions variations, degrading time of the stored 
charge and reading and programming noises must also 
s be taken into account, since they create an undesired 
stored charge variation, as known to the skilled person. 
[0006] To obtain an adequate cell programming, gen- 
erally the multi-level cell programming is performed 
through the technique defined as "program and verify". 
10 According to this technique, a programming operation 
is performed through a succession of programming 
pulses and, after having applied each programming 
pulse, it is verified whether the programmed cell thresh- 
old voltages reached the respective desired value, as 
15 schematically shown in Figure 3: if a certain cell has 
reached the desired threshold level, it does not receive 
any further programming pulses. Verifying is usually 
performed simultaneously for all cells in a group of cells 
(one or more words) that are programmed in parallel and 
zo for any desired programming level, it consists in com- 
paring, directly or indirectly, a cell threshold voltage with 
preset reference values V ref { . Programming and verify- 
ing continue until all cells in a group have been pro- 
grammed at the respective desired level. 
25 [0007] It has been demonstrated (see for example: 
"Technological and design constraints for multilevel 
flash memories" by C. Calligaro, A. Manstretta, A. Mod- 
elli. G. Torelli. Procedings of Internal Conference on 
Electronic Circuits and Systems. Rhodes. Greece, pp. 
30 1 003-1 008) that if a set of programming pulses with con- 
stant time length is applied to a non-volatile memory cell, 
the drain terminal voltage is kept constant and the gate 
terminal voltage is increased by a constant value AVGp 
at every pulse (stepped gate voltage), after a first tran- 
35 sient step (lasting, generally, few pulses if during the first 
pulse an adequate voltage supplied to the gate termi- 
nal), the cell threshold voltage is subjected to an in- 
crease AV TH equal to AV GP for every pulse. Thus, after 
the initial transient step, we have: 

40 

* V TH^ V GP 0) 

[0008] This relationship is valid if the programming 
45 pulse has a time length greater than a minimum value 
that depends on the type of process and cell and that 
for typical cells can be included between some hun- 
dreds of ns and 1u.s. 

[0009] Relationship ( 1 ) is valid for any cell, but the re- 
50 lationship between the voltage value applied to the cell 
gate terminal during the last programming pulse, and 
the threshold voltage value V TH reached by the cell at 
the end of such pulse cannot be determined a priori for 
a specific cell. In other words, relationship ( 1 ) shows the 
55 threshold voltage increase upon every programming 
pulse, but not its absolute value. Such absolute value in 
fact depends on different factors linked to the manufac- 
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turing process (for programmable cells through hot 
channel electron injection, for example, it depends firstly 
on the effective cell channel length). 
[0010] This is schematically shown in Figure 4, that 
shows the behavior of the threshold voltage Vth ob- 
tained by representing along the ordinate the threshold 
voltage after applying each programming pulse N 
(shown along the abscissa) and connecting the points 
thereby obtained, for three different cells (in particular, 
curves A, B, and C refer to cells having respectively in- 
creasing channel lengths). As can be noted, after a first 
initial step, the threshold voltage increases linearly, with 
increments AV GP upon every programming pulse, along 
three mutually parallel straight lines. In practice, from 
relationship (1 ) it is not possible to know on which of the 
three straight lines the threshold voltage of a specific 
cell is moving during programming and therefore is not 
possible to compute the absolute threshold voltage val- 
ue Vth reached after each pulse. 

[0011] By applying such principles to the program- 
ming and verifying technique, the memory cells are pro- 
grammed by applying programming pulses with a con- 
stant length, constant drain voltage, and progressively 
increasing gate voltage with a constant increase equal 
to AV GP between two subsequent pulses. Therefore the 
gate terminal voltage plot as shown in Figure 5 is ob- 
tained. Under ideal conditions, with this technique the 
width of the intervals corresponding to programmed lev- 
els (hereinbelow called program level width) is equal to 
AV GP . In fact, during programming, the (/-7J-th program- 
ming pulse, preceding the one in which the threshold 
voltage corresponding to the desired programming level 
(Mh level) is reached and whose comparison reference 
level during verifying is equal to V ref j, determines a 
threshold voltage that is less than V ref ( but next to this 
one, while when y-th programming pulse is provided, the 
threshold voltage goes to a value equal to the previous 
value plus AV GP , so that it will not be greater than V ref jt 
+■ AV GP . In practice, the threshold voltage for the pro- 
qram cells at level Vy H j exceeds the reference value 
V ref j, by an amount included between 0 and AV GP . 
[0012] Consequently, though there are other effects 
causing widening of the programmed levels, such as for 
example inaccuracy of the reading circuits used during 
verify, generally a reduction in the increase AV GP of the 
programming voltage applied to the cell gate terminal 
brings about a decrease in the width of the programming 
levels, allowing to better allocate the levels themselves 
within the predefined interval as mentioned above. 
[0013] On the other hand, the reduction in the in- 
crease AV GP requires a corresponding increase of the 
number of programming and verifying pulses necessary 
to reach a preset final threshold voltage starting from a 
predetermined initial value. 

[0014] The increase of the number of programming 
and verifying pulses generates an increase of the global 
time necessary to program a memory cell at a preset 
threshold level. In fact, the time necessary for a com- 



plete programming and verifying step is decisely greater 
than the time for a single programming pulse, above all 
in the case of short time programming pulses (1u.s or 
less). Between each programming pulse and the follow* 

5 ing verifying step, in fact, it is necessary to deactivate 
the programming circuitry, activate the reading circuitry 
inside the integrated circuit and wait for the reading volt- 
ages to be applied to cells to reach the desired value 
with a sufficient accuracy, which requires a certain 

io length of time. Moreover the accuracy required for bias 
voltages increases along with a decrease in the distance 
between threshold voltages corresponding to adjacent 
programmed levels (the cell current when reading, and. 
therefore, when verifying strictly depends on the value 

'5 of voltages applied to drain and gate terminals). 

[0015] Similarly, when a verifying step is followed by 
a programming step, it is necessary to deactivate the 
reading circuitry and to activate the programming circuit- 
ry with a further loss of time. The time for a complete 
20 programming and verifying step is therefore equal to 
t gp( 1 +T l). wherein T GP is the length of a programming 
pulse and rj is greater than 0 and generally can be of 
the order of one. 

[0016] Depending on specific needs, it is therefore 
25 necessary to perform a compromise choice between 
programmed level accuracy (low increase AV GP and 
therefore high number of complete programming and 
verifying steps) and the global programming operation 
speed. 

30 [001 7] Aim of the invention is thereby providing a pro- 
gramming method that minimizes the global time nec- 
essary for a complete programming operation with the 
same number of programming pulses, allowing an im- 
provement in the compromise between accuracy and 

35 global programming time. 

[0018] According to the present invention a method 
for programming multi-level non-volatile memories is 
provided as defined in claim 1 . 

[0019] For a better understanding of the present in- 
40 vention, some preferred embodiments thereof will now 
be described, purely as a non limiting example, with ref- 
erence to the attached drawings wherein: 

Figures 1a and lb show two electric symbols for 
45 floating-gate memory cells; 

Fig. 2a shows the relationship between different 
threshold values and respective programming val- 
ues; 

Figure 2b shows the distribution associated with the 
50 threshold values in Fig. 2a; 

Figure 3 shows a sequence of programming and 
verifying pulses; 

Figure 4 shows a plot of the threshold voltage mod- 
ification in a programming mode; 
55 Figure 5 shows the behavior of the gate voltage ap- 

plied during following programming and verifying 
steps; 

Figure 6 shows a diagram of threshold voltage in- 



3 



5 



EP 1 074 995 A1 



6 



tervals associated with different programming lev- 
els; 

Figure 7 shows the plot of the gate voltage applied 
during following steps according to the present 
method; 

Figure 8 shows a flow-chart of a first embodiment 
of the present method; 

Figure 9 shows a flow-chart of second embodiment 
of the present method; and 

Figure 1 0 shows a block diagram of a possible hard- 
ware implementation of the method of Figure 8. 

[0020] To solve the problem of reducing the global 
programming time and having a sufficient accuracy of 
programmed levels, the interval between nominal val- 
ues of two following levels is divided into a plurality of 
intervals whose width is equal to the gate voltage in- 
crease applied during programming, plus eventually a 
interval whose width is less than the increase. It is not 
mandatory that the interval between levels is constant 
or that it is an exact integer multiple of applied gate volt- 
age increments AV GP . Programming is then performed 
by applying a plurality of programming pulses equal to 
the plurality of preset increments, without performing in- 
termediate verify steps and the reached threshold volt- 
age verify is performed only after the plurality of pro- 
gramming steps have been performed, when the 
reached threshold voltage is presumably equal or slight- 
ly greater than the minimum desired threshold voltage 
for the considered level for at least one of the cells being 
programmed. To be prudent, verifying can be carried out 
after the programming pulse that, presumably, is imme- 
diately preceding the desired threshold voltage being 
reached, corresponding to the provided programming 
level. 

[0021] In practice, the programmed levels configura- 
tion and the increment value AV GP are such that the lev- 
el widening due to the increment with AV GP is much less 
than the distance between nominal values of the levels. 
For example to go from a programming level to another, 
7 programming steps are performed. Such configuration 
is advantageously used in case of memories with many 
programmable levels per cell, in which a high pro- 
grammed level accuracy is desired in order to allocate 
adequate separation gaps between adjacent program- 
mable levels to take into account the existing uncertainty 
conditions. 

[0022] Such configuration is shown in Figure 6, in 
which the distance between nominal values of following 
levels is denoted AV D(ST and the level widening AV GP . 
In the Figure it has been assumed for an easy under- 
standing (but not in a limiting way) that the same dis- 
tance A V DJST is always present between nominal values 
of different levels. The term AV DIST as a function of A VGP 
can be expressed as: 



av oist= c * V GP = (N + a) AV QP (2) 

where C = AV DIST /AVGP, N is the integer value obtained 
5 by truncating C and a is equal to the resulting decimal 
value, with 0<a<1, in which a is equal to 0 only when 
the distance between following levels is an exact multi- 
ple of the programming step. For example if AV DIST = 
1 V and AV GP = 0, 1 4 V. a = 0.02. 

10 [0023] To program a memory cell from level / to level 
supposing to be already in the characteristics area 
in which the linear relationships between AV TH and 
AV GP is valid, according to (2) it is necessary to apply 
N or N+1 programming pulses, depending on whether 

' 5 the previously reached effective voltage, related to the 
Ath level, is greater or lower than V m s + a AV GP in which 
V m | is the minimum value of the i th level (that is, ideally, 
the reference level value V refi ). Specifically, in the above 
considered example, if V m t = 1 V, V m 2 = 2 V and V m 3 

20 - 3 V, supposing that the reached threshold voltage for 
level "1" is equal to the nominal 1 V, to pass from level 
"1 " to level "2" N+1 = 8 pulses are necessary, after that 
the effective reached threshold voltage would be equal 
to 2.12 V, while to pass from this value of level "2" to 

25 level "3 M 7 pulses are necessary, and then the effective 
threshold voltage being reached would be equal to 3. 1 V. 
[0O24] Consequently, in order to take the threshold 
voltage of a cell from level / to level N-1 program- 
ming pulses are applied with an increasing gate voltage, 

30 with increment AV GP , without carrying out any verify af- 
ter each pulse; in this way one is sure that the cell cannot 
still have reached the level (/+7)-th. Then, a further pulse 
(N-th) is applied with a gate voltage increment AV GP , 
and verify is performed. If the threshold voltage has not 

35 yet been reached, a further pulse ((A/ + 1 )-th) is applied 
with a still increased gate voltage by the provided in- 
crease, eventually followed by a further verify step, even 
if this one is not strictly necessary, since the threshold 
voltage now must have already reached level (/V7)-th. 

40 [0025] Such arrangement is shown as an example in 
Figure 7 that shows the plot of the gate voltage during 
programming of a cell according to the invention, sup- 
posing that N is equal to 4 and that the verify step im- 
mediately provides positive result. Figure 7 must be 

45 compared with Figure 5 and shows how, with the inven- 
tion, it is possible to apply a greater number of program- 
ming impulses with a same global time. 
[0026] In this way, a high time advantage is obtained 
with respect to the known solution of performing a verify 

50 step for every programming step. In fact, in case N pro- 
gramming steps are required to pass from a program 
value to the following one, the known solution requires 
a timing equal to N(1+r|)T GP while the present solution 
requires a time equal to (N+ti)T gp , with a time saving 

55 equal to (N-1)rjT GP . If instead, N + 1 programming steps 
are necessary, the necessary time will be equal to 
(N+1 +2r|)T GP or (N + 1 +n)T GP depending on whether the 
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last programming step for each level is followed, or not, 
by a verify step, with time saving respectively equal to 
(N-1)TjT GP or Nr\T GP . 

[0027] If a cell threshold voltage must be taken from 
a generic level / to a level /V/ with f>^, it is possible both s 
to program the cell every time to the following level 
/+2, ... until level /V/is reached by verifying every time 
that the single intermediate levels are reached, or to ap- 
ply Z-7 pulses, where Zis the integer number obtained 
by truncating number j(N-Kx), then perform a complete to 
programming and verify step, and if the cell has not yet 
reached the desired level, apply a last programming 
pulse (with or without final verify similarly to what has 
been previously stated). 

[0028] In order to reach the first programmed level, is 
(level 1) starting from the erased level, it is necessary 
to supply the cell with a number of programming pulses 
that is not known a priori, since the threshold voltage 
from which relationship (1) is valid is not known, that is 
it is not known on which of the straight lines shown in 20 
Figure 4 the involved cell is moving. It is therefore nec- 
essary to perform a verifying step after every program- 
ming step, until the threshold voltage corresponding to 
level 1 is reached, thereafter it is possible to follow the 
above-mentioned solution (provided that the program- 25 
ming conditions are such that level 1 is reached when 
the cell already operates in the region in which the linear 
relationship (1) is valid). 

[0029] In case programming is performed in parallel 
on a group of cells (for example 8 or 16, belonging to 30 
the same array line) starting from the minimum thresh- 
old state (or erased state) programming pulses are si- 
multaneously applied in the above described way to the 
cells that must be programmed at a different level from 
the minimum threshold level. When a cell has reached 35 
the desired programming level, it does not receive any 
more programming pulses (such interruption is obtained 
in a known way: for example the related bit line, con- 
nected to the drain terminal is not biased any more at 
the programming voltage), and programming goes on 40 
for the other cells, until they are all programmed at the 
provided level. Obviously, no programming pulses are 
ever applied to the cells that must remain in the erased 
state. 

[0030] In case of cells to be programmed belonging *s 
to the same line, they show a good physical matching 
level, so that generally the threshold voltage value at 
which relationship (1) starts to be valid is similar and 
there are no problems in applying the described method. 
[0031] In practice, the cells that must be programmed so 
are supplied with a set of programming pulses each fol- 
lowed by a verify step, until the threshold voltage of at 
least one of the cells reaches the value corresponding 
to the first level. A number A 1 ol programming pulses is 
then supplied, each followed by a verify step, until all ss 
cells to be programmed have a threshold voltage corre- 
sponding to level "1 rt (A, cannot be determined a priori). 
Obviously, the cells that must be programmed at tevel 



"1" do not receive programming pulses after their 
threshold voltage has reached the desired value. 
[0032] Afterwards all the cells that must be pro- 
grammed at levels greater than 1, receive N-O+Aj) = 
N-1-Aj pulses without verify (no cell, in fact, is pro- 
grammed at level 2 after these pulses). Then further 
pulses are provided, each one followed by a verify step, 
until the threshold voltage of at least one cell reaches 
the second level, after which other A 2 programming 
pulses are provided followed by verify, until the thresh- 
old voltage of all the cells to be programmed at least at 
a second level has reached the desired value. 
[0033] The procedure is repeated, so that, to reach 
level N-A iT 1 programming pulses are applied each 
time without verify, followed by an adequate number of 
programming pulses with verify until at least one cell has 
reached level (i+1)-th, and by Aj + 1 pulses with verify, 
until all cells to be programmed at least to level i+1 have 
reached this level, and going on until ail cells have been 
programmed at the provided level. 
[0034] In such way, with respect to the solution in 
which all programming pulses are followed by a verify 
step, N-1-Aj verify steps are saved for each level. Con- 
sequently, globally, the saved time is equal to: 



2 



[0035] In case the distance between adjacent levels 
av dist to De programmed is not constant, the operation 
is exactly as above described apart from the fact that 
the Nj value to be inserted in formula (N r A r 1 ) that pro- 
vides the number of pulses to be applied is not constant 
but changes according to levels. 

[0036] The programming method according to the in- 
vention will now be described more in detail according 
to Figure 8 that shows the flow-chart of a possible im- 
plementation. In such description, it is supposed that 
programming is performed on an initially erased group 
of cells, as is common in electrically programmed non- 
volatile memories. 

[0037] Initially, a verify step is performed, block 100; 
then a level counter /, associated with the level to be 
programmed, is set to zero (block 101), together with a 
pulse counter K, relative to programming pulses (block 
102). 

[0038] Then it is verified whether there are cells to be 
programmed at a level greater than the Mh (condition 
"ANY>i". block 103). If the result is negative, the pro- 
gramming procedure ends, if it is positive (output YES 
from block 103) the level counter / is increased, block 
1 04, and the number of programming pulses N, that are 
theoretically necessary to program a cell from level /"-1 
to level /'is determined, block 105. Detecting is prefera- 
bly performed by reading A/,- from a stored table; in case 
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/ = 7, Nf is equal to 1 , in order to perform verifying after 
every programming pulse as explained below. 
[0039] Afterwards, block 1 06, 8, (number of pulses to 
be consecutively applied) is set equal to 
[0040] Then, block 120, application of the program- 
ming pulse to the cell or the cells that must not be pro- 
grammed is stopped; block 107, pulse counter k is in- 
creased; block 108, a programming pulse is applied, in 
the above described way, that is starting, for the gate 
voltage V GP , from a starting value at the first program- 
ming pulse (/= 1 ) and increasing it at every step by AV GP 
with respect to the previous step; and it is then verified 
whether Nj programming pulses have already been ap- 
plied, block 109; in the negative, output NO, the pulse 
counter k is again increased, going back to block 107 
and proceeding as stated above, in the positive (output 
YES from block 109, as occurs immediately after having 
applied the first programming pulse in case of /= 1 ), the 
verify step is performed, block 110. Then, it is verified 
whether the threshold voltage of at least one cell has 
reached level /-th block 111, corresponding to the con- 
dition "ONEi"=1; in the negative a new programming 
pulse is applied, block 112; in the positive (output YES 
from a block 111), the pulse counter k\s reset, block 1 1 3. 
and it is verified whether the threshold voltage of all the 
cells to be programmed at a level >/ has reached the 
value corresponding to level /-th, block 114 correspond- 
ing to the verify of condition "ALLi"=1. 
[0041] If the result is positive (output YES from block 
114), a return is made to block 103, verifying whether 
programming of all cells to be programmed is ended; in 
the negative (output NO, application of further program- 
ming pulses to cell or cells that must be programmed at 
level i-th is stopped, since they have already reached 
such level, block 115; the pulse counter Zeis increased, 
block 116; a programming pulse is applied, block 117; a 
verify step is performed, block 118; and it is again veri- 
fied whether the threshold voltage for all cells to be pro- 
grammed at a level >i has reached the value corre- 
sponding to level Mh, going back to block 114. 
[0042] Figure 9 shows a variation of the flow-chart of 
Figure 8. in which no verify of intermediate levels for 
which there are no cells to be programmed, is carried 
out. 

[0043] Consequently, the steps equal in Figures 8 and 
9 have been designed with the same reference num- 
bers, and in Figure 9 the steps similar to those in Figure 
8 have been designed with the same number followed 
by a prime. 

[0044] Specifically after block 104, in which level 
counter i of levels to be programmed is increased, in 
block 1 05* the number of pulses N i and the truncation a { 
are detected, obtained according to (2) for the /-th level. 
Then, block 1 30. a number C; is computed that is equal 
to the ratio between AV DiST , and AV GP for the /-th level, 
by adding Nj and c^. Then it is verified whether /"= 1 and 
if so (output YES from block 1 31 ) number B-, of program- 
ming pulses to be consecutively applied is computed, 



equal to the integer value of C it block 1 06'; if not (output 
NO from block 131), it is verified whether some cells 
must be programmed at level i-th, block 1 32; if so (output 
YES from block 132), is computed, going to block 

5 1 06'; if not (output NO from block 1 32) level counter / is 
increased, block 133; Nj and a { associated to the follow- 
ing level are detected, block 1 34; and the new value of 
C,- is computed, equal to the previous value plus the 
newly detected value N f and cq; then it is again verified 

io whether at least one cell must be programmed at the 
(/V7)-th level, going back to block 132. 
[0045] As for the rest, the flow-chart of Figure 9 is sim- 
ilar to that of Figure 8 and therefore it will not be de- 
scribed again. 

is [0046] A further global time saving can be obtained if 
the minimum number D of pulses necessary to take an 
erased cell (state 0) to the lower end of the first program- 
ming level (state 1) is known a priori. This number can 
be computed for every die during the Electrical Wafer 

20 Sort. In such a case, when programming begins, D puls- 
es without verify steps are initially applied to the cells 
that must be programmed, and then pulses with verify 
are applied until at least one of the cells reaches level 
"1". Programming then proceeds as previously de- 

25 scribed. ' 

[0047] Figure 10 shows a block diagram of a hard- 
ware circuit implementing the method in Figure 8. The 
circuit is timed by a signal CLOCK and by a signal 
CLOCK' delayed with respect to CLOCK . 

30 [0048] A programming operation is activated upon re- 
ceiving a Program Start pulse (PR_ST), synchronous 
with CLOCK, that sets two flip-flops 1 and 2 taking signal 
PR_MODE ("Program mode") and signal P&V ("Pro- 
gram&verify) to a high state. 

35 [0049] Under operating conditions, as will also be 
more clear below, the alternate setting of a verify step 
and a programming step is ensured by the output 
switching of a delayed flip-flop 3 that switches at every 
pulse CLOCK if the signal P&V provided to the control 

40 Input C of multiplexer 4 is at high level, since in this case 
the input D of the delayed flip-flop 3 receives the signal 
Q3 of the delayed flip-flow 3. 

[0050] At the beginning of a programming operation, 
the output Q3 of the delayed flip-flop 3 is set to 1 by 

45 signal PR_ST in order to perform a verify step. 

[0051] When the circuit is under "program mode" a 
high level on output Q3 activates the "verify** (signal VR), 
while a low level activates the "program" signal PRG. 
Activation of signal VR or signal PRG allows (block 5) 

so generating suitable signals to be sent to the memory ar- 
ray to respectively perform verify and programming op- 
erations, in a per se known manner. Generator 5 re- 
ceives at the input also signal CLOCK* (used for timing 
the signals to be sent to the memory array) in addition 

55 to-the value of the number of programming steps P al- 
ready performed during the current programming cycle, 
to set the correct threshold voltage value according to 
an increasing law, as above described. The value of the 
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global programming steps P is generated by a first coun- 
ter 6 reset by signal PFLST at the beginning of a new 
programming operation. 

[0052] Signal P&V determines if the circuit must per- 
form a verify step after a programming step. In fact, if 
P&V has a high value, as stated above, output Q3 
switches upon every CLOCK pulse alternatively activat- 
ing signals VER and signal PROG; viceversa, if P&V has 
value 0. input D of delay flip-flop 3 coincides with output 
Q3 and does not switch. Consequently, the circuit is kept 
under "program" status. 

[0053] The control signal of multiplexer 4 is generated 
as follows. 

[0054] As shown, at the beginning, the flip-flop 2 is set 
and its output is high. When, after a verify step, the con- 
dition "ALLi"=1 is verified (block 114, Figures 8 and 9), 
that is all cells to be programmed at least at level i-th 
have reached such level, signal ALU has a pulse reset- 
ting the flip-flop 2 switching signal P&V in the low state. 
[0055] When the circuit is under "program and verify" 
condition and at least one cell (among those that must 
be programmed at least at the i-th level) is found that 
has reached i-th level, a pulse is generated on signal 
*ONEi" (as described with reference to block 1 1 1 in Fig- 
ures 8 and 9) and the contents of a second counter 7, 
storing the value of step counter k t are reset. The sec- 
ond counter 7 is increased by one unit upon every pro- 
gramming pulse and is compared by a digital compara- 
tor 8 receiving the comparison value Bj (number of pro- 
gramming pulses to be consecutively applied) by regis- 
ter 9. 

[0056] When the digital comparator 8 checks the 
equality 8, = k, it outputs a pulse OUTC setting the flip- 
flop 2, taking the circuit back under a "Program and Ver- 
ify" condition (P&V=1). 

[0057] A third counter 1 0 counts the number of levels 
so far programmed and then provides at the output the 
value of L The third counter 10 is initialised at state 1 at 
the beginning of a programming operation by signal 
PR_3T and has an output connected to a logic block 1 1 
that provides register 9 with value Bj depending on /; 
[0058] Loading of Bj is performed at the beginning of 
the programming cycle related to the Mh level, when the 
previous cycle ends, as signaled by a pulse on signal 
ALU causing the increase of the third counter 10 and 
the generation of a new value of Bj. In the first program- 
ming cycle. (/ = /). loading of Bj in register 9 is obtained 
through PR_ST. Block DEL generates a suitable delay 
in the loading signal. 

[0059] Flip-flop 1 is reset when the circuit is turned on 
(signal POR) and at the end of a whole programming 
operation, when signal PR_END switches to high state, 
causing switching of signal PRJvlODE to 0. indicative 
of the circuit state, no more being programmed. 
[0060] In the circuit in Figure 10 it is supposed that 
signals ONEi and ALLi are generated by a suitable cir- 
cuitry connected to a memory sensing network. 
[0061] The advantages of the described method are 



evident from the above. In fact, the present method al- 
lows on one hand to have the desired programming ac- 
curacy by setting a threshold voltage increase with a 
suitable value, and on the other hand to avoid that the 
global programming time is made excessively long, 
since verifying is performed when at least one cell has 
reached the desired threshold level. The present meth- 
od is particularly advantageously with a high number of 
levels to be programmed (for example from 16 on). A 
further reduction in the programming times is obtained 
according to the described solutions, according to which 
verifying is avoided at intermediate levels at which no 
cells have to be programmed and. for each die, the 
number of pulses is stored necessary to reach the con- 
dition in which linear relationship (1) is valid at the be- 
ginning of a global programming operation. 
[0062] It is finally clear that numerous modifications 
and variations can be made to the method described 
and shown herein, all of which are within the inventive 
scope as defined in the enclosed claims. Particularly, to 
be prudent, the first verify step after a continuos set of 
programming pulses can occur after the programming 
pulse preceding the one in which it is deemed that the 
cell or cells to be programmed have already reached the 
desired threshold voltage, in practice setting Bj = N r 1 in 
block 106 in Figure 8 Bj = INT(CM) and in block 106' in 
Figure 9. 



Claims 

1. A method for programming non-volatile memory 
cells having a gate terminal (CG), comprising the 
step of applying a set of programming pulses, 

35 wherein, upon every programming pulse, said gate 

terminal is supplied with a gate voltage whose value 
is increased with respect to the previous program- 
ming pulse, characterized by cyclically applying a 
plurality (Bj) of consecutive programming pulses 

40 without verify followed by a verify step. 

2. The method according to claim 1 . characterized in 
that said plurality of pulses is equal to the nominal 
number of pulses (N) necessary to take said cell 

45 from a current programming level to a following pro- 

gramming level. 

3. The method according to claim 1 or 2, characterized 
in that, upon every programming pulse, said gate 

50 voltage shows a constant increase (AV GP ) with re- 

spect to a previous programming pulse. 

4. The method according to claim 3. characterized in 
that between a current programming pulse and a 

55 following programming pulse a threshold voltage 

difference (AV DiST ) is present, equal to a multiple 
(Cj). also not integer, of said constant increment, 
and in that said plurality (B,) of programming pulses 
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is equal to an integer value obtained by truncating 
said multiple. 

5. The method according to claim 4, characterized by 
different threshold voltage steps between pairs of s 
adjacent programming levels. 

6. The method according to any one of the previous 
claims, characterized by a first programming step 
starting from an erased state at a first programming io 
level; said first programming step comprising a plu- 
rality of steps each including a programming step 
and a verify step. 

7. The method according to any one of the previous is 
claims, characterized by the step of programming a 
plurality of memory cells in parallel. 

8. The method according to any one of the previous 
claims, characterized by a cycle of steps compris- 20 
ing: 

detecting (105; 105') a first nominal number (N,-; 
Cj) of programming pulses included between a 
current programming level and a following pro- 25 
gramming level; 

calculating (106; 106\ 132-135) a number (Bj) 
of programming pulses to be applied on the bi- 
as of said first nominal number of programming 
pulses 30 
supplying (108) said number of programming 
pulses to be applied, without verify; 
performing ( 110 ) a verify step; 
repeating the steps of providing a programming 
pulse and performing a verify step until at least 35 
one cell has reached the desired threshold val- 
ue; and 

repeating the steps of applying a programming 
step and performing a verify step until all cells 
have reached a desired threshold level. 40 

9. The method according to claim 8, characterized by 
repeating said cycle of steps until a maximum pro- 
gramming level. 

45 

1 0. The method according to claim 8 or 9, characterized 
in that said number (Bj) of programming pulses to 
be applied is equal to said first nominal number (Nj) 
of programming pulses. 

50 

11. The method according to any one of claims 8-10, 
characterized in that said step of repealing further 
comprises the step of stopping (115) supplying the 
programming pulses to those cells to be pro- 
grammed at said following programming level that 55 
have already reached said desired threshold value. 

12. The method according to claim 8, characterized in 



that said step of calculating comprises the steps of: 

checking (132) whether there are cells to be 
programmed at said following programming 
level; 

if so, setting ( 1 06*) said number (Bj) of program- 
ming pulses to be applied equal to an integer 
value obtained by truncating said first nominal 
number (Cj) of programming pulses; 
if not, increasing (133) a current level index, 
calculating (1 34) a second nominal number (Cj) 
of programming pulses included between said 
current programming level and a programming 
level subsequent to said current programming 
level; summing (135) said first and second 
nominal numbers of programming pulses; and 
repeating said steps of verifying whether there 
are cells to be programmed at said following 
programming level, increasing a current level 
index, computing a second nominal number of 
programming pulses and summing until it is 
verified that there is at least one cell to be pro- 
grammed at said following programming level; 
finally, setting (106') said number (Bj) of pro- 
gramming pulses to be applied equal to an in- 
teger value obtained by truncating said second 
nominal number (Cj) of programming pulses. 
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